Abstract: Blending fullerenes with a donor polymer for the fabrication of organic solar cells often leads to at least partial vitrification of one, if not both, components. For prototypical poly(3-hexylthiophene):fullerene blend, we show that the addition of a commercial nucleating agent, di(3,4-dimethyl benzylidene)sorbitol, to such binary blends accelerates the crystallization of the donor, resulting in an increase in its degree of crystallinity in as-cast structures. This allows manipulation of the extent of intermixing/phase separation of the donor and acceptor directly from solution, offering a tool to improve device characteristics such as power conversion efficiency. The solidification of organic semiconductors during deposition from solution critically dictates important microstructural features of the resulting architectures and, hence, many of the optoelectronic properties and characteristics of the devices composed of them [1, 2]. As a consequence, gaining control of the assembly of this interesting class of materials from solution is vital to unlocking processing simplicity and enabling realization of better performing structures with improved manufacturability. For example, in polymer: fullerene bulk heterojunction (BHJ) solar cells, the ability to convert light to electricity (i.e. the power conversion efficiency, PCE) is strongly dependent on, among other things, the molecular packing of the donor and acceptor, the arrangement they adopt during solution deposition and/or post-deposition treatments such as thermal or solvent vapor annealing, and the resulting phase morphology of the active layer [3, 4] . Various approaches to manipulate the solidification of such blends have therefore been investigated. For instance, the chemical structure of the donor and/or fullerene has been systematically modified to fine tune their mutual miscibility and solubility in common solvents [5] [6] [7] . Another, widelyused strategy is based on the use of high-boiling point solvent additives that decrease the solidification rate and reduce the phase separation of the donor and acceptor [8, 9] . While these approaches often lead to improved device characteristics, there persists a need for simple, widelyapplicable, and effective techniques that govern the microstructure formation of donor:acceptor blends directly during casting from solution. Such an approach would reduce the strong reliance on intricate trial-and-error procedures that are necessary to identify processing parameters for achieving high solar cell performance, especially when using new materials combinations.
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Here, we demonstrate that addition of the commercially available nucleating agent, Millad ® 3988 or di(3,4-dimethyl benzylidene) sorbitol [10, 11] (DMDBS; for chemical structure, see Fig. 1a ), to a polymer:fullerene blend accelerates the crystallization rate of the donor polymer during solvent evaporation. Such a change in the crystallization kinetics is important as it limits formation of kinetically trapped 'solid solutions' of the donor and acceptor [12] . These are frequently obtained when fabricating OPVs via spin coating or related solution deposition methods where the solvent undergoes rapid evaporation leading to fast solidification and potentially limiting the ability of the polymer to crystallize during additional processing steps [12] .
We begin our investigation with the neat donor, selecting two P3HTs of weight-average molecular weight Mw ≈ 48 kg/mol (around the entanglement limit [13] ) and 312 kg/mol (above the entanglement limit [13] ). This selection allows for kinetically different systems to be compared since the primary nucleation rate (defined as the forma-tion of a nuclei of critical size) and linear crystallite growth rate (defined as the addition of repeat units to a nuclei) of a given polymer will decrease with an increasing number of repeat units, i.e. its molecular weight [14, 15] . Such a decrease in the overall crystallite growth rate leads to a higher tendency for vitrification.
DMDBS, originally developed for melt processing of isotactic polypropylene, was selected as the nucleation agent because it has recently been shown to successfully nucleate a wide range of neat organic semiconductors, including P3HT, fullerenes, and small molecular semiconductors [16] . Mechanistically, during solution processing, DMDBS acts as a non-volatile additive that, upon evaporation of the solvent, solidifies within the host material to provide nanoscopic surfaces for heterogeneous nucleation. This leads to an increase in the rate of primary nucleation through a reduction in the activation energy required to form a nucleus of critical size [14] . As mentioned above, the latter is key when solidifying a compound whose crystallization is kinetically hindered as it overcomes the tendencies of such systems to vitrify (e.g. polymer:fullerene blends). Also, note, that unlike high boiling point cosolvent additives [17] , nucleating agents, such as DMDBS, remain within the final film. . Data is shown for P3HT of weight average molecular weight Mw ≈ 48 (dotted lines) and 312 kg/mol (solid lines), without (black) and with DMDBS (orange; 1 wt.% additive compared to polymer content was used). Endothermic transitions are up. [Note that the crystallization temperature, Tc, of the P3HT of Mw ≈ 312 kg/mol is higher than the Tc of the lowerMw range material due to the higher dissolution temperature of the former material and, ultimately, its higher equilibrium melting temperature, Tm° [18] . ] We first confirmed that changing the molecular weight of the P3HT does influence the materials tendency for vitrification. To this end, we measured the thermal phase behavior of solutions of the two P3HT samples in p-xylene (10 wt.% polymer content) by differential scanning calorimetry (DSC). The corresponding thermograms are displayed in Fig. 1b . For the P3HT of Mw ≈ 312 kg/mol, the enthalpy of crystallization, ∆Hc, (deduced from the area of the crystallization exotherm) is noticeably lower relative to the low Mw P3HT. Since ∆Hc can directly be correlated with the degree of crystallinity and the crystalline quality of a sample, we calculate the degree of crystallinity of the P3HT of Mw ≈ 312 kg/mol to be 35% less than for P3HT of Mw ≈ 48 kg/mol. These data support the picture that the high molecular weight material does not crystallize as efficiently because of its more entangled, long-chain nature [19] .
The influence of the nucleating agent on the solidification of the two polymers was then assessed in the absence of a fullerene. We find that, upon addition of 1 wt.% DMDBS, crystallite nucleation is enhanced in both P3HTs. Initial evidence for this can be deduced from thermal analysis. The crystallization temperature,Tc (deduced from the onset temperature of the crystallization exotherm), for the P3HT of Mw ≈ 48 kg/mol increases by 4°C (from 35°C to 39°C), and for Mw ≈ 312 kg/mol by 9°C (from 45°C to 54°C), revealing a reduction in the degree of supercooling needed to nucleate crystallites of P3HT. This agrees well with our previous findings that nucleating agents improve the rate of primary nucleation, which, when crystallization is kinetically limited, will increase the degree of crystallinity [16] .
More detailed information can be gained from 2D-grazing-angle-incidence wide-angle X-ray scattering (2D-GIWAXS) and high-resolution X-ray diffraction (XRD) ( Fig. 2a-d ; more details in Fig. S1 -S6 ). To emphasize the beneficial impacts of the nucleating agents on the nucleation rate, the following data were collected from spincoated samples, where the conditions were chosen such that the rapid solvent evaporation kinetically limits the polymer crystallization (see supporting information for experimental details). Initial studies confirm that addition of 1 wt.% DMDBS improves the degree of crystallinity of ∼70 nm thick P3HT films, evident from the 2D-diffraction profiles presented in Fig. 2a (for ease of interpretation, integrated cake slices along the meridian are shown). All samples exhibit the characteristic diffraction of textured P3HT. Three orders of diffraction corresponding to the aaxis of P3HT crystallites (packing along the side chains) are found near the meridian at q = 0.39, 0.77, 1.14 Å −1 and weak diffraction from the b-axis (π-stacking direction) near the horizon and meridian at q = 1.65 Å −1 . 20, 21 Important for the model developed here, the locations of the diffraction peaks corresponding to the a-axis and baxis for P3HT are insensitive to the addition of DMDBS for both molecular weights, highlighting that the nucleation agent is not inducing another polymorph. Indeed, using the Williamson-Hall approach [22] , we estimate the lamellar stacking distance of the a-axis of the P3HT crystallites to be within 1% when comparing samples with and without DMDBS ( Fig. S6 and Table 1 ). Thus, these data signify that the nucleating agents have little impact on the initial dimensions of the P3HT crystallites, which is the expected outcome for kinetically limited crystallization. In contrast, DMDBS does affect the relative population of crystallites. Using the average area of the a-axis reflections (at quasi-polar angles of 0°to 90°, e.g. plotted in Fig. 2b corresponding to the first order a-axis reflection of P3HT crystallites and relative degrees of crystallinity compared after sin(quasi-polar angle) correction) of the different P3HT films, we calculate an increase in the relative population of crystallites by 30% and 85% for the nucleated P3HT of Mw ≈ 48 kg/mol and 312 kg/mol, respectively. Thereby, DMDBS has a stronger influence on the structure of as-cast, neat films prepared with the higher molecular weight P3HT, which is in agreement with our findings obtained in thermal analysis that the crystallization of this material is more hindered relative to the P3HT of Mw ≈ 48 kg/mol.
In addition, the introduction of DMDBS leads to an increase in the relative number of edge-on oriented crystallites, specifically with the a−axis oriented between quasipolar angles from 0°to 30° (Fig. 2b ). This orientation dependence may be due to bulk nucleation effects as opposed to nucleation at the liquid-air or liquid-substrate interface. However, further investigations are required to elucidate this phenomenon in more detail.
The observed beneficial impact of nucleating agents, i.e. increasing the relative degree of crystallinity of as-cast, neat P3HT films, is a kinetic effect that is best exemplified by the comparison of as-cast and annealed (160°C, 15 min) films of the P3HT of Mw ≈ 48 kg/mol. While there are distinct differences in non-nucleated and nucleated structures for the as-cast films of this P3HT (see above), we find that, after annealing, these two samples display very similar relative degrees of crystallinity (within 10%) and lamellar stacking distances, as deduced from the Williamson-Hall approach (within 1%). In fact, the diffracted intensity corresponding to the a-axis of P3HT crystallites along the meridian and out-of-plane ( (Fig. 2d , dashed lines) become essentially identical after thermal treatment. Thus, our observations reveal that, given sufficient thermal treatment, the relative degree of crystallinity of lower-Mw P3HT films is insensitive to the initial density of nuclei in the as-cast films. This behavior is expected since nucleating agents would generally not change the degree of crystallinity of a given polymer provided both adequate time and driving force is given for the material to molecularly order during processing [11] .
In contrast, for films fabricated with neat P3HT of Mw ≈ 312 kg/mol, the same annealing conditions do not provide an adequate time and driving force for crystallization. As a consequence, P3HT films without the nucleating agent do not easily crystallize in the solid state and annealing only leads to a relatively low increase in its degree of crystallinity. Addition of DMDBS assists in this situation: for annealed, nucleated films of this P3HT, we observe a greater diffracted intensity and quasi-pole figure area while the crystallite dimensions remain constant (see Fig. S6 ), which, based on these data, corresponds to a 70% increase in the number of crystallites in these samples (Fig. 2c,d , solid lines) relative to those without nucleating agent. This relative increase in the degree of crystallinity again is predominately observed in edge-on oriented polymer crystallites (between quasi-polar angles from 0 to 30°). The picture that nucleating agents can be used to overcome intrinsic (e.g. molecular weight) and extrinsic factors (e.g. rapid solidification) that limit overall crystallite growth rates in P3HT films is further supported by the observation of an enhanced crystallization rate and increased final degree of crystallinity observed with in-situ GIWAXS measurements collected during spin coating (100 images per second). For the low molecular weight P3HT, out-of-plane cake slices of diffraction patterns (Mw ≈ 48 kg/mol) are presented in Fig. 3a , with (right panel) and without (left panel) DMDBS (1 wt.%).
Immediately after solution deposition, all samples exhibit only weak background scattering features that are characteristic of disordered solutions [23] . As the solvent evaporates, a concentration is reached after ∼ 3.9 seconds where diffraction is observed at 0.39 Å −1 (i.e. the first order of diffraction from the a-axis of P3HT crystallites). From the change in the diffracted intensity with spin-coating time, we quantify the maximum rate of crystallization to increase by 175% upon addition of DMBDS (for more detail, see Fig. S7 ), even for this lower molecular weight material. This change in the crystallization rate results in a 53% increase in the diffracted intensity, fully agreeing with the trend established above.
Addition of a fullerene, [6, 6] phenyl C 61 -butyric acid methyl ester (PC 61 BM), to the lower molecular weight P3HT did not drastically change the behaviour of the polymer with and without nucleation agent. Significantly, the relative population of crystallites can be increased in these donor:accpetor blends when introducing the nucleating agent with the rate of crystallization of P3HT increasing by 140% upon introduction of DMDBS, leading to an enhancement of the diffraction intensity of 63% (Fig. 3b) . This observation is supported by the UV-Vis absorption data presented in Fig. S9-S10 , where a more rapid development of the 0-0 transition feature (attributed to P3HT aggregates) is found in samples comprising DMDBS. These data clearly reveal that the relative population of P3HT crystallites can be increased with the inclusion of a nucleating agent into multicomponent systems.
Because of the various structures and phase morphologies that can be induced by choice of the molecular weight of the P3HT and use of nucleating agents in films of the neat polymer as well as in blends with PC 61 BM, we finally explored how these changes affect device performance. As-cast devices fabricated with P3HT and PC 61 BM, to which nucleation agent was added, displayed a higher charge collection efficiency (and PCE) than P3HT:PC 61 BM binary films that did not comprise any nucleating agent, which is in agreement with our observation of an accelerated crystallization in nucleated blend films leading to more phase-pure donor domains. [Fig. 4 , all device data are summarized in Table 2 , NB]. All solar cells had high values for the shunt resistance (R SH ), greater than 10 6 Ω·cm 2 ,
indicating nominal dark-diode operation (Fig. S8) termine the mobility-lifetime product (µτ/dd'), higher values of which indicate more efficient charge collection efficiencies, we can quantify µτ/dd' which shows an increase by 100% (i.e. from 2.0 to 3.9 V −1 ) for blends without and with DMDBS respectively. This enhancement in µτ/dd' correlates well with the higher degree of molecular order of the P3HT in as-cast, nucleated blend structures, assisting charge transport to the electrodes. Not surprisingly, when considering our structural data, DMDBS had the most pronounced effect on the cell performance of blends prepared with the high-Mw P3HT. In as-cast high-Mw P3HT:PC 61 BM films where the additive was used, the Jsc improved from 2.6 to 5.6 mA/cm 2 , FF from 0.37 to 0.47, Voc from 0.69 to 0.67 V, Rs from 32 to 3.9 Ω·cm 2 , and µτ/dd' from 0.7 to 2.0 V −1 , resulting in an increase in the PCE from 0.7% to 1.7% for the nucleated blends, which we attribute to an increase in the relative degree of crystallinity (discussed above). It is important to note here that for the 48 kg/mol P3HT:PC 61 BM system, annealing is sufficient to drive crystallization (similar to the neat P3HT system) and, thus, phase separation. Hence, the effect of nucleation agents on the low-molecular weight samples annealed at 160°C is limited. This is exemplified by the fact that solar cell performances of blends comprising P3HT of Mw ≈ 48 kg/mol with and without DMDBS, become indistinguishable upon heat treatment (Fig. 4a, solid lines) . The Jsc, Voc, FF, Rs, and µτ/dd' are 9.1 mA/cm 2 , 0.60 V, 0.70, 1.5 Ω·cm 2 , and 15 V −1 respectively, resulting in a median PCE of ∼ 3.9%.
These observations agree with our GIWAXS and XRD data (Fig. 2, 3 , and S5) and support the picture that the Mw ≈ 48 kg/mol P3HT requires a lower driving force for crystallization relative to the Mw ≈ 312 kg/mol. In contrast, after annealing devices prepared with 312 kg/mol P3HT:PC 61 BM blends, we observe an improvement in the charge collection efficiency for cells comprising DMDBS compared to the non-nucleated active layers (Fig. 4b) . In fact, we find that the addition of DMDBS increases the FF from 0.48 to 0.59, Rs from 2.8 to 2.1 Ω·cm 2 , and µτ/dd' from 2 to 5 V −1 , leading to an enhancement in the PCE from 2.0% to 2.6%. The predominate change in the J − V characteristics is the FF (23% increase), further highlighting that DMDBS accelerates the development of the molecular ordering of the donor material critical for phase separation and efficient charge collection.
Conclusions
We have demonstrated that DMDBS, a nucleating agent commonly used in polyolefins, can be used to reduce the energetic barrier to crystallite nucleation in P3HT and P3HT:PC 61 BM blends. This reduction improves the overall crystallite growth rate, resulting in an increase in the degree of crystallinity of as-cast P3HT films and an enhancement in the PCE of P3HT:PC 61 BM BHJ solar cells. Hence, the solar cell data presented here illustrate how nucleating agents can be exploited in optoelectronic devices, and, in this case, can be used to control and manipulate the molecular ordering of BHJ photovoltaic cells directly from solution with no detrimental effects. A powerful aspect of this strategy is its generality with applicable to a broad range of polymer and polymer:fullerene blends. More specifically, the use of nucleating agents is anticipated to be most beneficial for polymers with kinetically hindered crystallization (e.g. through the presence of complex side groups and/or high molecular weights), or when deposition methods are utilized that lead to fast evaporation of the solvent resulting in a rapid, kinetically limited solidification of the material(s). In addition, the nucleated systems can be expected to be thermodynamically more stable relative to non-nucleated samples, as they are driven closer towards their thermodynamic equilibrium during solidification, limiting, e.g. domain coarsening over time due to crystallization that can be detrimental for device performance [26] . 
Supplementary Information
Materials. P3HT of weight-average molecular weight Mw ≈ 48 kg/mol and PDI ≈ 1.8 was purchased from Merck, and Mw ≈ 312 kg/mol and PDI ≈ 3.7 was supplied by Prof. Martin Heeney (Imperial College London). The Mw and PDI of the two materials were measured by gel permeation chromatography (GPC). The [6, 6] -phenyl-C 61 butyric acid methyl ester (PC 61 BM, >99.5%) was obtained from Solenne BV. Millad ® 3988 or di(3,4-dimethyl benzylidene)sorbitol (DMDBS) was obtained from Milliken. All materials were used as received.
Solution Differential Scanning Calorimetry (DSC). P3HT solutions were prepared in p-xylene (SigmaAldrich), using a concentration of 10 wt.%. DMDBS was added at a concentration of 1 wt.% with respect to the polymer. All solutions were stirred (400 rpm) for at least one hour at 120°C prior to the measurement. For this purpose, a METTLER TOLEDO DSC1 was used with a 10 K/s heating and cooling rates with medium pressure cells measured under a N 2 environment.
Grazing-incidence Wide-angle X-Ray Scattering. Thin films (∼70 nm in thickness) of P3HT of Mw ≈ 48 and 312 kg/mol, with and without 1 wt.% DMDBS, were fabricated from p-xylene at a concentration of 1.5 wt.% based on total solid content via spin coating at 1000 rpm for 30 s on clean Si substrates. The samples were cleaved in half and one half was annealed at 160°C for 15 min, enabling the comparison of the influence of overall crystallite growth rate on the crystallinity of P3HT. 2D GIWAXS experiments were performed at the Stanford Synchrotron Radiation laboratory on beamline 11-3 with an area detector, MAR345 image plate, at grazing incidences with an incident energy of 12.7 keV and beamline 2-1 with a point detector at specular incidences with an incident energy of 8 keV. The samples were kept under a helium atmosphere during irradiation to minimize X-ray beam damage. The resulting patterns were carefully normalized for sample thickness, area, penetration depth (more detail in Figure S1 ), and illumination time, which enables direct comparison of the diffraction patterns between samples (patterns presented in Figure S2 -S3). Films were typically exposed for 60 s at an incidence angle of 0.12°. Cake slices along the meridian were collected using a box average with a width of q = 0.02 Å −1 and length of 2.2 Å −1 with a resolution of 0.0002 Å −1 .
The quasi-pole figures generated from the images at an angular resolution of 0.25°and width of 0.1 Å −1 .
In-situ GIWAXS experiments were carried out at beamline D1 at the Cornell High Energy Synchrotron Source. A fully automated miniature spin coating system was assembled using radio control components to drive the brushless dc motor present in a hard disk drive. In addition, a computer-controlled liquid dispensing system was built to deposit the solutions prior to spinning. A volume of 100 µL of the solution was deposited on the substrate and the films were spun with a speed of 1500 rpm for 51.5 seconds. All depositions were performed in air. A fast 2D detector (PILATUS 100K from Dectris) was used with a frame rate of 100 frames per second and an exposure time of 0.009 seconds, to record the patterns during the spin coating process.
Additional GIWAXS Data
Figure S1: a) The calculated electric field intensity and b) penetration depth as a function of incidence angle (angle of the beam with the substrate) for thin films of P3HT [1] . This method estimates a critical incidence angle of 0.11°. We selected an incidence angle of 0.12°ensuring investigation of the entire film thickness.
Williamson-Hall Analysis -Crystallite Thickness
In-Situ GIWAXS Additional Solar Cell Characteristics P3HT:PC 61 BM BHJ Photovoltaic Fabrication and Testing. Indium tin oxide (ITO) glass substrates (Thin Film Devices; 20Ω/sq) were cleaned via ultrasonication in acetone and isopropanol then dried with a stream of nitrogen. The substrates were coated with a layer of poly (3,4-ethylenedioxythiophene) :poly(styrene sulfonate) (PEDOT PVP Al 4083; HC Stark) that was filtered through a 0.45 micron polyvinylidene fluoride (PVDF) filter and spin coated at 4000 rpm for 40 seconds then annealed at 165°C for 10 minutes producing a ∼45 nm film. The active layers were spin-coated on top of the PEDOT layer from P3HT:PC 61 BM (1:0.7) chlorobenzene (CB) solutions (2.2 wt% solid content). The nucleated solutions contained 1 wt.% DMDBS with respect to the polymer content. The active layer solutions were passed through a 0.45 micron PTFE filter and spin coated in two steps: 1000 rpm for 30 seconds followed by 2000 rpm for 5 seconds. Half of the devices were then annealed at 160°C for 15 minutes while the other half were left as-cast. Top contacts of 1.5 nm lithium fluoride followed by 60 nm aluminum were deposited through a shadow mask in high vacuum (>10 −6 Torr). Each substrate contains 6 cells with an active area of 0.06 cm 2 . The current-voltage characteristics were measured using a Xenon lamp (Newport) with a Keithley 2400 SMU measured in a nitrogen environment under 100 mW/cm 2 illumination equipped with an AM 1.5G filter. Figure S4 : Relative degree of crystallinity of as-cast (patterned fill) P3HT films, which were annealed at 160°C for 15 minutes (solid fill), with (orange) and without (black) 1 wt.% DMDBS. The relative degree of crystallinity was calculated from the area of the (100) reflections (at quasi-polar angles of 0°to 90°) and is relative to the area of the as-cast P3HT sample of Mw ≈ 312 kg/mol.
Figure S5:
High-resolution X-ray diffractograms in specular geometry (solid lines) compared with cake slices along the meridian from a 2D GIWAXS pattern collected in grazing incidence geometry (dashed lines). These profiles were collected from the same P3HT films (70 nm) of Mw of a) 48 kg/mol and b) 312 kg/mol, with (orange) and without (black) 1 wt.% DMDBS, annealed at 160°C for 15 min. Essentially identical data are collected using different detectors and illumination geometries indicating the absence of a significant population of highly oriented crystallites typically underestimated by the grazing-incidence geometry. The background was subtracted at 800 nm and spectra were normalized at 555 nm (i.e. the 0-1 vibronic state transition from the ground state to an excited state [2] ). This normalization enables comparison between the intensities of the 0-0 transition (at 602 nm) and 0-2 transition (at 505 nm), allowing estimation of the presences of P3HT photophysical aggregates [3] Note that these data are from the same BHJ films that are reported in the main text.
Figure S10: Normalized peak intensity for the 0-2 transition (at 505 nm, patterned bars) and the 0-0 transition (at 602 nm, filled bar) for P3HT:PC 61 BM blend (1:0.7 weight ratio) solar cells with (orange) and without (black) 1 wt.% DMDBS. The P3HT varied as: a) Mw ≈ 48 kg/mol and b) Mw ≈ 312 kg/mol; samples denoted 160°C (right section of a) and b)) were annealed 160°C for 15 minutes. In all cases, the addition of 1 wt.% DMDBS increased the strength of the 0-0 transition with respect to the 0-2 transition indicating an increase in the fraction of photophysical P3HT aggregates [3] , which, in this case, seems to agree well with the increase in the P3HT relative degree of crystallinity observed by 2D GIWAXS and XRD.
